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ABSTRACT
We present a selection of 24 candidate galaxy-galaxy lensing (GGLs) identified from
Hubble images in the outskirts of the massive galaxy clusters from the CLASH survey.
These GGLs provide insights into the mass distributions at larger scales than the
strong lensing region in the cluster cores. We built parametric mass models for three of
these GGLs showing simple lensing configurations, in order to assess the properties of
their lens and its environment. We show that the local shear estimated from the GGLs
traces the gravitational potential of the clusters at 1-2 arcmin radial distance, allowing
us to derive their velocity dispersion. We also find a good agreement between the
strength of the shear measured at the GGL positions through strong-lensing modelling
and the value derived independently from a weak-lensing analysis of the background
sources. Overall, we show the advantages of using single GGL events in the outskirts
of clusters to robustly constrain the local shear, even when only photometric redshift
estimates are known for the source. We argue that the mass-luminosity scaling relation
of cluster members can be tested by modelling the GGLs found around them, and show
that the mass parameters can vary up to ∼ 30% between the cluster and GGL models
assuming this scaling relation.
Key words: galaxies: clusters: general – gravitational lensing: strong – gravitational
lensing: weak – galaxies: clusters: individual: MACS J1149, MACS J0329, RXJ2129
1 INTRODUCTION
Dark matter (DM) is one of the most challenging questions
in modern astrophysics. It is indeed the most common mat-
ter species in the Universe according to the most commonly
accepted model of cosmology, ΛCDM, but remains unde-
tectable directly. Its abundance in the largest observable
structures of the Universe such as galaxy clusters and mas-
sive galaxies, makes these systems ideal probes to under-
stand its properties.
Galaxy clusters are the most massive collapsed objects
observable, and their matter content is dominated by DM
(up to ∼85%). Due to their high mass, they will act as grav-
? E-mail: guillaume.desprez@unige.ch
itational lenses, deflecting the light coming from galaxies
located behind (see Massey et al. 2010; Kneib & Natarajan
2011; Hoekstra et al. 2013, for some reviews). The geom-
etry and location of these deflected images of background
galaxies can be used to trace the dark matter distribution
in these clusters. In the core of clusters where the density is
the highest, we observe highly magnified and multiple im-
ages of background galaxies, this is the strong-lensing regime
(Soucail et al. 1988). However, even for the most massive and
concentrated cluster cores, the strong-lensing region remains
small, up to ∼ 20−40′′ (typically < 500 kpc) from the cluster
centre (Richard et al. 2010a; Zitrin et al. 2011; Merten et al.
2011; Richard et al. 2014; Jauzac et al. 2015; Grillo et al.
2015). Extending outside this region, the density drops and
the distortions are much smaller, this is the weak-lensing
© 2015 The Authors
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regime (Smith et al. 2005; Jauzac et al. 2012; Medezinski
et al. 2013; Umetsu et al. 2015). By combining both lensing
regimes, we can trace the mass distribution of galaxy clus-
ters up to a few Mpc radius (Bradacˇ et al. 2005; Limousin
et al. 2007; Jauzac et al. 2015, 2016, 2017).
Another effect of the high mass density of galaxy clus-
ters at large radii is to boost the strong-lensing cross-section
of individual galaxies (in particular the ones at or around
the cluster redshift), increasing the number of galaxy-galaxy
lensing (GGL). Indeed, Limousin et al. (2007) identified
three such lenses within 2′of the core of the massive clus-
ter Abell 1689, compared to the much lower probability of
occurrence of GGL in blank fields (e.g. 10 deg−2, Faure et al.
2008).
The presence of a massive galaxy cluster will locally
affect the observed positions of multiple images in a GGL
system. Perturbed GGLs are a sign of the effect of the lens
environment (Limousin et al. 2010). Tu et al. (2008) demon-
strated how GGL events in cluster fields can be used as
direct probes of the radial slope of the cluster density profile
(up to ∼400 kpc radius). The Cluster Lensing And Super-
novae Survey with Hubble (CLASH, Postman et al. 2012)
observed a sample of 25 massive galaxy clusters with the
Hubble Space Telescope (HST) from the ultra-violet (UV)
to the near-infrared (NIR), to study their gravitational lens-
ing properties. This combination of the high-resolution from
space with information on colours is perfectly suited to iden-
tify GGLs in the cluster outskirts.
In this paper we present a catalogue of candidate GGLs
selected in all CLASH fields through visual inspection of
the Hubble images. We perform strong-lensing mass re-
constructions for three of them, detected in the RXJ2129,
MACS J0329 and MACS J1149 clusters, suitable to probe
the cluster mass profiles at large radii, i.e. outside the strong-
lensing region, and for which redshift estimates for the lenses
and the sources are available. The paper is organised as fol-
lows: in Sect. 2 we detail the GGL sample selection and the
observations at hand; in Sect. 3 we present our modelling
and results for three GGLs; in Sect. 4 we discuss our re-
sults and put them in perspective, e.g. GGLs measurements
relative to weak-lensing measurements.
Throughout the paper, we give the magnitudes in
the AB system and assume the standard ΛCDM model
with the following cosmology: Ωm=0.3, ΩΛ=0.7, and H0 =
70 km s−1 Mpc−1.
2 OBSERVATIONS AND SAMPLE SELECTION
We present here the observations and datasets used for our
analysis. The identification of GGLs is based on the inspec-
tion of high-resolution HST images from the CLASH pro-
gram.
2.1 Photometric data and GGL selection
2.1.1 HST imaging data
Each cluster was observed with HST in 16 pass-bands, from
UV (∼200 nm) to NIR (∼1600 nm) using the Wide Field
Camera 3 (WFC3) UVIS/IR and the Advanced Camera
for Survey (ACS). We used the publicly released CLASH
images with a pixel scale of 30 mas retrieved from the
MAST archive1. In the case of MACS J0416, MACS J0717,
MACS J1149 and AS 1063, we used HST images obtained
with the Hubble Frontier Fields program (HFF; Lotz et al.
2017)2, as they supersede the CLASH images in depth near
the cluster centre.
2.1.2 GGL identification
Several dedicated codes have been developed to perform
an automatic detection of gravitational arcs and arclets in
wide-field images (e.g. arcfinder and yattalens; Seidel &
Bartelmann 2007; Sonnenfeld et al. 2017). Because of the
small number of clusters with high-resolution imaging, we
preferred to use visual inspection instead. This gives us more
flexibility to extend the search in the outskirts of the images
where the sky coverage varies from filter to filter. More im-
portantly, we do not focus on a specific lensing configuration
(Einstein ring or giant arc) as for the majority of automatic
detection codes, and include compact (unresolved) images
as well. This visual inspection is not an issue as the com-
pleteness of our sample is not necessary for our study.
We focus our search on bright galaxies in the out-
skirts of the clusters for which strong-lensing models of
the cores are available (e.g. Ebeling et al. 2009; Richard
et al. 2011; Zitrin et al. 2012, 2015). Candidate GGLs were
selected in combined-colour images of the clusters using
the (F475W-F606W-F850LP) filter combination, or (F435W-
F606W-F814W) when HFF images are being used. We also
make use of the near-infrared bands (F606W-F105W-F160W)
at the cluster cores. The selection is based on the similar-
ity in colour, morphology and position of the lensed im-
ages around bright galaxies. All the GGL candidates are
then carefully examined in all HST bands in which they
appear, to confirm or discard the strong lensing hypothe-
sis. A selection of 24 GGL candidates is presented in Ta-
ble A1 and Fig. A1. Unsurprisingly, our selection detects
well-known GGLs. For example the Dragon Kick from Diego
et al. (2015) or the system ID14 in Vanzella et al. (2017) in
MACS J0416.
Considering the importance of GGL events in the out-
skirts of the clusters, we choose to focus for the rest of the
paper on the most interesting GGLs satisfying the following
selection criteria:
•an angular separation from the BCG larger than 80′′;
•plausible lensing configuration from visual inspection
(having noticeable multiple images well separated from the
lens) ;
•single, bright galaxy lenses which do not belong to a
galaxy group.
This selection provides us with three GGL candidates
highlighted in the bottom panel of Fig. 1, with their char-
acteristics listed in Table 1:
(i) RXJ2129-GGL1 is being quadruply-lensed by an el-
liptical galaxy. Its four extended multiple images are seen to
spiral around the lens. This elliptical and spiral-like config-
uration led us to refer to it as the Snail.
1 https://archive.stsci.edu/missions/hlsp/clash/
2 https://archive.stsci.edu/missions/hlsp/frontier/
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(ii) MACS J0329-GGL1 is a system surrounding a cen-
tral elliptical galaxy. It consists of an extended arc to the
East and a smaller arc to the West. We note that the dis-
tances of the two arcs from the lens are unusually different.
The colours of the arcs components being the same suggest
that there is a single background source.
(iii) MACS J1149-GGL1 is being lensed by an ellipti-
cal galaxy, and forms an almost perfect Einstein cross: the
four images are nearly symmetric with a small angle from a
perfectly perpendicular cross.
2.1.3 Deblending
The lens and multiple images in MACS J0329-GGL1 and
MACS J1149-GGL1 are well-separated. However, in the case
of RXJ2129-GGL1 the lens is contaminating the source. In
order to obtained a precise photometry, we modelled the lens
and subtracted it from the image, using the galfit (Peng
et al. 2011) software.
The input files are first generated by galapagos (Bar-
den et al. 2012). We then manually define the input mask to
reject all pixels belonging to the source (blue contour shown
in the left panel of Fig. 2) in the modelling of the lens. gal-
fit fits the lens with a Sersic profile using the 8 different
available pass-bands between F390W and F850LP (Table 2)
where the lens is fully detected. During the modelling, pa-
rameters such as position (x,y) and shape (radius, axis ratio
and position angle) are assumed to be constant with wave-
length. The Sersic index can linearly evolve with wavelength,
and the magnitude is considered as a free parameter. The
residual image is shown in the right panel of Fig. 2.
2.1.4 Photometry
Photometric catalogues are publicly available for all CLASH
clusters as part of the delivered high level science prod-
ucts3, providing positions, shapes, magnitudes and photo-
metric redshifts of the extracted objects. These catalogues
are used to derive the photometry in MACS J0329-GGL1.
None of the lensed images in MACS J1149-GGL1 multi-
ple images is detected in this catalogue. We used sextrac-
tor (Bertin & Arnouts 1996) in order to get a clean pho-
tometry for these images in all the bands where the GGL
appears (F435W , F606W , F625W , and F775W). The com-
bined F775W-band magnitude is provided in Table 1.
To measure the source magnitudes for RXJ2129-GGL1
we use the residual image presented in Sect. 2.1.3 (Right
panel of Fig. 2). Due to the complex morphology of this
source, we use the manually defined aperture (blue contours
in Fig. 2) to measure the source flux, and then remove the
background previously estimated in an outer annulus (2.1 −
2.4′′). In the case of the lens we use galfit to fit a Sersic
profile to the lens and get the magnitudes, a mask to hide
the source flux has been applied. Magnitudes measured by
galfit are listed in Table 1 and Table 2 .
For the modelling part detailed in Sect. 3, we need
the geometrical parameters (centroid, αc and δc , elliptic-
ity, ec , position angle, θc) and the luminosity of the clus-
ter members. For MACS J1149 and RXJ2129, we use the
3 https://archive.stsci.edu/missions/hlsp/clash/
galaxy catalogues from (Jauzac et al. 2016) and Richard
et al. (2010b) respectively. We incorporate the photometry
of the new CLASH images in the RXJ2129 catalogue, us-
ing the F160W-band. For the galaxies not appearing in the
WFC3 field of view, we use ACS/F814W and apply a mean
(F160W-F814W) colour estimated with the Coleman et al.
(1980) empirical template for elliptical galaxies. We also use
the geometrical parameters (αc, δc , ec , θc) measured in the
F814W band for the RXJ2129 cluster members catalogue.
In the case of MACS J0329, we select the cluster mem-
bers following the red sequence technique on a (F606W-
F814W) vs. F814W colour-magnitude diagram. We chose
a limiting magnitude F814W = 23 and a colour width of
0.3 magnitude for the red sequence (above three times the
photometric uncertainties). We incorporate the F160W pho-
tometry when galaxies are visible in this pass-bands. Finally
we add the geometrical parameters (αc, δc , ec , θc) measured
in the F814W-band to the catalogue.
2.2 Redshift estimates
2.2.1 Spectroscopic redshift
All CLASH clusters have been extensively covered with the
VIsible MultiObject Spectrograph (VIMOS, Le Fe`vre et al.
2003) on the Very Large Telescope (VLT), as part of the
ESO program 186.A-0798 (PI: Rosati, Rosati et al. 2014).
We looked at all the masks covering the three studied clus-
ters, and found that MACS J0329-GGL1 had been targeted
for one 1125 sec exposure obtained with the MR medium
resolution (R = 580) grism during the night of Dec. 01 2012.
The slit position is presented in the bottom middle panel of
Fig 1.
The spectra were extracted using the VIMOS pipeline
v2.9.16. Following the instruction in the manual v6.84, we
performed standard reduction with the new recipes for bias
removal, flat-field correction, wavelength calibration, sky
subtraction and used observations of spectroscopic standard
stars to derive the flux calibration.
The extracted spectrum of the galaxy in the medium
resolution grism is presented in Figure 3. We identify the
presence of K, H, G and NaD absorption lines and a Balmer
break at a redshift zl = 0.3835. We also note an emission line
that does not match the lens redshift. We identify it as an
[O ii] emission line belonging to the source at redshift zs =
1.112. This redshift is consistent with additional absorption
lines of Mg ii in the continuum.
A spectrum of the western image of MACS J1149-GGL1
was obtained with the LRIS instrument (Oke et al. 1995,
Steidel et al. 2004) on the Keck I telescope. The position
angle was 40◦ and the slit width was 1.0′′ (see Fig 1) and
the airmass ranged from 1.03-1.12. Three exposures of 27
minutes each were taken for a total exposure time of 81
minutes.
The extracted spectrum is presented in Fig. 4. Spectral
features are detected from both the lens and background
source. Strong Lyα is found in emission at λ=3410A˚ cor-
responding to a redshift zs = 1.806. In the red part of the
4 ftp://ftp.eso.org/pub/dfs/pipelines/vimos/
vimos-pipeline-manual-6.8.pdf
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Figure 1. HST images of the three clusters hosting the three GGL candidates that are at the core of this paper. Top: a view of the
clusters in the F775W -band. The location of the GGL in each cluster is highlighted with a red box. The blue contours delineate the
multiple image regions expected for sources at z = 6. Bottom: From left to right: RXJ2129-GGL1 (a.k.a the Snail), MACS J0329-GGL1
and MACS J1149-GGL1. The images are 5×5 arcsec2. For the first two images, the blue channel combines F435W and F475W filters, the
green one F606W and F625W , and the red one F775W -, F814W - and F850LP-bands. For the third stamp, F435W , F606W and F775W
are being used for the blue, green and red channels respectively. North up and East is left. The dashed white lines on the bottom middle
and right panels indicate the slits positioning for the spectroscopy.
Table 1. The three GGLs selected in this study. From left to right: ID, coordinates (J2000) of the centre of the lens, redshift of the
cluster, redshift of the galaxy lens and of the source, distance to the BCG, the magnitude measured in the F775W -band of the lens and
the source.
ID α δ zc zl zs dBCG F775W source F775W
[arcsec] [mag] [mag]∗
RXJ2129-GGL1 322.4287798 0.1080707 0.235 0.255+0.033−0.021
a 1.61+0.37−0.31
a 81.0 17.58±0.01 21.02±0.04
MACS J0329-GGL1 52.4201304 -2.2216321 0.45 0.3835b 1.112b 92.0 19.59±0.01 19.88±0.01
MACS J1149-GGL1 177.40.28.221 22.43.66292 0.544 0.542b 1.806b 137.9 20.22±0.06 22.52±0.02
aPhotometric redshift with 2σ error (Sect. 2.2.2); b Spectroscopic redshift (Sect. 2.2.1); ∗ observed magnitude
spectrum we observe K and H absorption lines of the lens
galaxy (not centred in the slit) at wavelengths of 6066A˚ and
6120A˚ respectively. This corresponds to a redshift zl = 0.542
for the lens, in agreement with the cluster redshift.
2.2.2 Photometric redshifts
For the RXJ2129-GGL1 system, we used hyperz (Bol-
zonella et al. 2011) to fit the spectral energy distribution
(SED) and estimate photometric redshifts for the lens and
the source. To fit the SED we used models made from
Bruzual & Charlot (2003) with an initial mass function
(IMF) from Salpeter (1955) and a metallicity of 0.02 Z,
and with the reddening law of Calzetti et al. (2000) we al-
lowed AV to be in the range [0.0 − 3.0]. hyperz provides
the probability distribution of the photometric redshift of
the system. It shows three maxima at z = 1.1, z = 1.6 and
z = 2.4 (Fig 2.2.2).
Based on the physical parameters derived on the lens
MNRAS 000, 1–15 (2015)
Galaxy-galaxy lensing in CLASH 5
Figure 2. Deblending method on RXJ2129-GGL1. Left pannel:
The initial image as seen in the F814W -band. The blue contour
highlights the shape used for the mask (see 2.1.3), and also used
for the aperture photometry (see section 2.1.4)Middle panel: The
sersic model of the lens fitted by galfit. Right panel: The residual
image.
during our modelling (Sect. 3) the redshift solution z = 1.6
is preferred, and is given with its associated error in Table 1.
We discuss this assumption later in Sect. 4.2.1.
3 MODELS
We build parametric models of the mass distribution of the
GGLs in order to reproduce the observed lensing configura-
tions. Models have varying complexity in order to test differ-
ent assumptions of the impact of the environment. The same
methodology was applied to each GGL for constructing the
models and analysing the results.
3.1 Methodology
We use the software Lenstool (Kneib 1993; Jullo et al. 2007)
to optimise parametric models of the mass distribution in
each system. Lenstool uses the observed positions of multi-
ple images as constraints. For a set of mass parameters and a
given system of multiple images, it computes the barycentre
of all positions in the source plane. It then lenses this loca-
tion back into the image plane. The model parameters are
sampled using a Monte-Carlo Markov-Chain (MCMC) and
optimised through a χ2 minimisation using the distances
between the observed and model-predicted positions of the
multiple images.
The three GGLs are dominated by a massive central
galaxy lens. The mass distribution of the lens galaxy is usu-
ally well-described with a single parametric potential but the
effect of its (generally unknown) environment is included in
the form of a constant external shear field (Schechter et al.
1997,Dye et al. 2007,Wagner & Bartelmann 2016,Wong et al.
2017). Here we know that the environment of each GGL is
certainly dominated by the nearby massive galaxy cluster.
The mass distribution is modelled by a superposi-
tion of mass components describing galaxy- and/or cluster-
scales. These gravitational potentials are described by dou-
ble Pseudo-Isothermal Elliptical profiles (dPIE, El´ıasdo´ttir
et al. 2007). This distribution is described by the following
parameters:
• the geometrical parameters (central position αc, δc ,
ellipticity and position angle ec , θc),
• the central velocity dispersion, σ0,
• a cut radius, rcut ,
• a core radius, rcore.
Four models are constructed for a given GGL, each
model getting a higher level of complexity than the previous
depending on the assumption used on the environment. We
start by only modelling the single central galaxy lens, and
finally the whole cluster and GGL are constrained together.
We adjust for each model the parameters to optimise
and the range of values. The results presented in this work
are the best models, with the lowest χ2, with the parameters
presented in Appendix B.
Model I: single galaxy lens
In this model we only consider the lens of the GGL as the
deflector, ignoring the effect from other lenses. Only the σ0 of
the mass component is optimised, its ellipticity and position
angle are set to the ones of the light measured in Sect. 2.1.4.
Due to its degeneracy with σ0 (Richard et al. 2010b), rcut is
fixed to a typical value of 50 kpc. This hypothesis is further
discussed in Sec. 4.1. rcore is fixed to 0 as it does not have
an impact on the lensing effect.
Model II: single galaxy lens and external shear
In this model, we use the same parametrisation as model I
for the galaxy, and assume the lensing contribution of the en-
vironment surrounding the GGL is well modelled by adding
a constant external shear. The magnitude γ of this shear
and its orientation θ are free additional parameters like σ0
of the lens. The shear magnitude is given for a DLS/DOS ,
ratio of angular distances between the lens and the source
and between the observer and the source respectively, equal
to 1.
Model III: cluster and GGL
This model includes a full optimisation of the cluster and
the GGL system. Cluster size potentials are being optimised
with a fixed rcut=1000 kpc, but their position, σ0, ellipticity,
position angle and rcore, are free to vary. The BCG as well
as the lens of the GGL system are being modelled by a dPIE
potential, setting σ0 as a free parameter.
With a sufficient number of constraints, the rcut of the
BCG can be optimised. Cluster members are being modelled
by individual galaxy-size potentials, but to limit the num-
ber of parameters we assume they follow the Faber-Jackson
scaling-relation (Faber & Jackson 1976) as described in
Richard et al. (2010b):
σ0 = σ
∗
0
( LF160W
L∗F160W
)1/4
(1)
rcut = r∗cut
( LF160W
L∗F160W
)1/2
(2)
rcore = r∗core
( LF160W
L∗F160W
)1/2
(3)
This relation links the F160W-band luminosity, LF160W ,
to a L∗
F160W , and scales the mass parameters of the cluster
members to the ones of the standard galaxy (σ∗0 , r
∗
cut , r
∗
core).
The luminosity of the standard galaxy is computed following
the results of Lin et al. (2006) as in the work of Richard et al.
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Figure 3. VIMOS extracted spectrum of both MACS J0329-GGL1 lens and source. In orange, the lines of the lens with a redshift
zl = 0.3835, and in blue, the line of the source with a redshift zs = 1.112. We identify the K, H, G MgB and NaD absorption lines for
the lens and its Balmer break. For the source, we observe the [O ii] emission lines and the Mg ii absorption lines.
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Figure 4. Spectrum of the MACS J1149 GGL. A Lyα emission is
detected at λ = 3410A˚from the background source. Ca absorption
line from the lens are present at λK = 6066 A˚ and λH = 6120A˚, at
the edge of the LRIS blue arm spectral coverage. This correspond
to zs = 1.806 and zl = 0.542 respectively.
(2010b). We optimise the σ∗0 and fix r
∗
cut at 45 kpc and r
∗
core
at 0.15 kpc.
All the multiple image systems are included as con-
straints to this model. In the case of an unknown redshift
of the source, the redshift is included as a free parameter of
the model.
Model IV: cluster only
This model is similar to the previous one, but the GGL mul-
tiple images are not used to constrain the model. The lens
of the GGL, when in the cluster, is included and assumed
to follow the scaling relation described before. We use this
model as a point of comparison with the model III to esti-
mate the impact of the GGL constraints on the cluster mass
distribution.
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Figure 5. Probability density function of the Snail source photo-
metric redshift. We note three maxima, located at redshift z = 1.1,
z = 1.6 z = 2.4.
Analysis of the results
For the models I, II and III, we use as a comparison param-
eter the root mean square (RMS) of the distance between
the observed and predicted position of the multiple images.
The RMS for all three clusters and models are listed in Ta-
ble 3, and further discussed in Section 4.
We also compare the produced shear by the models II,
III and IV. The result of the shear optimisation is scaled
with the DLS/DOS factor of the GGL for the model II. For
the two others, the shear is measured by making a shear
map at the position of the GGL after subtracting it from
the models. We construct 5’×5’ maps of 50 pixels across for
the two components of the shear, γ1 and γ2 (γ ≡ γ1 + iγ2 ;
see Bartelmann & Schneider 2001). We then measure their
mean values.
From these values of γ1 and γ2, we then compute the
magnitude and the orientation of the shear. We apply the
MNRAS 000, 1–15 (2015)
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same methodology to all the realisations of each model.
We can then measure the scatter in both shear magnitude
and orientation. To compute contours containing 68.3% and
95.4% of all the points, we used a Gaussian kernel density
estimation with a bandwidth selected using Scott (1992)’s
rule of thumb. The results is a contour map of the shear
versus its orientation is produced (see Fig 7, 9 and 11).
3.2 RXJ2129
Our model of RXJ2129 (zc = 0.235) is based on the one
presented by Richard et al. (2010b). This model includes 39
cluster galaxies, comprising both the BCG and the central
galaxy lens in RXJ2129-GGL1. Richard et al. (2010b) used
a triply-imaged system near the BCG with a known spec-
troscopic redshift, z = 1.965. Since then, this redshift has
been revised to z = 1.522 (Belli et al. 2013). We include in
our model two multiply-imaged systems from Zitrin et al.
(2015): systems #3 and #5. For system #5, we only use
images 1 and 2. For both systems the redshift is included as
a free parameter.
The Snail is a GGL located North-East of RXJ2129
core, at a distance of 81′′from the BCG (see Figure 1 ; Ta-
ble 1). As the image in Fig. 1 shows, one can see four multiple
images around the central elliptical galaxy. Their positions
are listed in Table B1. We note that all images are close to
the lens, leading to a contaminated photometry. That prob-
lem can be solved by subtracting the central galaxy in all
the bands and is discussed in Section 2.1.3.
The photometry of the images after subtraction is given
in Table 2. The photometry of the source is measured trough
an aperture that is covering all the multiple images (see
Fig. 2). We use that photometric catalogue to compute
a photometric redshift for both the lens and the source.
In Richard et al. (2010b), the snail was considered as a
cluster member, the photometric redshift was measured at
z = 0.255+0.033−0.021, consistent within the error bars to the one
of the cluster zc = 0.235.
We can also note from the illustration of Figure 1 that
the ring of multiple images is being sheared. This shear
seems to be perpendicular to the direction of the BCG (see
Fig. 1 6). The best-fit parameters for all RXJ2129 models
are given in Table B2.
3.2.1 Model I
The lens of RXJ2129-GGL1 was already included in the clus-
ter scaling relations by Richard et al. (2010b). When mod-
elling the GGL with a single galaxy potential, we fix its rcore
to 0 kpc and rcut to 64 kpc.
The best-fit model predicts the images as they are pre-
sented in Fig. 6 (yellow diamonds) with an RMS of 0.66′′
(Table 3). The image at the North of the snail is not com-
puted, and two images are predicted on the East. Also the
images are all predicted at a similar distance to the lens, in-
dicating a ring-like configuration instead of the observed el-
liptical configuration. We thus conclude that a single galaxy
lens is not sufficient to recover the observed configuration.
Model III
Model II
Model I
Input position
Toward cluster
1 arcsec
N
E
Model III
Model II
Model I
Input position
Toward cluster
1 arcsec
E
Figure 6. Predicted positions of the multiple image for all models
for RXJ2129-GGL1. Magenta crosses are the observed positions,
yellow diamonds are the predictions from Model I, red boxes are
the predictions from Model II with the external shear, and the
cyan crosses are the predictions from Model III which includes the
cluster. The white ellipse (lower left corner) is the representation
of the external shear on a circle of radius 0.2′′.
3.2.2 Model II
The predicted positions of the multiple images when consid-
ering an external shear are shown in Fig. 6 (red squares).
They are in much better agreement with the observed ones
as shown by an RMS of 0.02′′ (see Table 3). The best model
gives an external shear of amplitude γ = 0.15+0.04−0.03, and angle
from the West direction of θ = 31.5+3.3−3.2. That orientation is
consistent with the direction toward the centre of the cluster
with the BCG being oriented perpendicular to the predicted
shear (see Table 4).
3.2.3 Model III
Here, we model both the snail and the cluster. As in Richard
et al. (2010b), each cluster galaxies, excepted for the snail
lens and the BCG, are modelled by a dPIE potential and
following the Faber & Jackson (1976) scaling relation. The
K-band luminosity was used to scale the parameters of the
cluster members. We thus convert the L∗K to L
∗
F160W to scale
the parameters with the F160W-band CLASH magnitudes
leading to m∗
F160W = 17.49. Finally, only the σ
∗
0 of the ref-
erence galaxy is optimised. The BCG and the snail lens are
being optimised individually, and only σ0 is set as a free
parameter.
To model the influence of the cluster at large radii, we
create a PIEMD halo with a rcut = 1000 kpc. lenstool opti-
mises the position of this halo in a box of 5′′centred around
the BCG, its orientation, ellipticity, rcore and σ0.
We use as constraints all the multiple images presented
in Table B1. For systems #3 and #5, we optimise the red-
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ID F390W F435W F475W F606W F625W F775W F814W F850LP Photo-z
RXJ2129
Lens 20.55±0.01 20.10±0.01 19.41±0.01 18.26±0.01 18.05±0.01 17.58±0.01 17.50±0.01 17.24±0.01 0.245+0.086−0.019
Sourcea 22.86±0.12 22.48±0.07 22.27±0.07 21.78±0.02 21.61±0.03 21.02±0.04 20.79±0.03 20.32±0.02 1.61+−
a Photometry combines all multiple images together.
Table 2. Photometry for the GGL of RXJ2129 in all the available bands and the computed photo-z.
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Figure 7. Predicted shear at the position of the snail versus
its orientation: in red the external shear predictions (Model II ),
in green the predictions of the cluster-only model (Model IV ),
and in blue the predictions from Model III. The bold contour
represents the 1σ limit and the thin one the 2σ. The stars show
the best predictions for each model. The DLS/DOS factor is the
one of the GGL.
shift and only use the positions of the multiple images as
constraints. The best fit model gives zs3 = 1.49+0.17−0.09 and
zs5 = 0.78+0.05−0.03. These results are within the 95% confidence
interval presented by Zitrin et al. (2015).
The predicted positions of the snail are similar to the
one obtained with Model II (with an external shear). The
resulting RMS is 0.03′′ versus 0.02′′ for Model II. Figure 6
shows the predicted positions of the multiple images as cyan
crosses. In Fig. 7, one can see the shear produced by the
cluster in this model. The predicted shear from the cluster
itself is close in orientation and intensity to the external
shear obtained with Model II.
3.2.4 Model IV
The lens of the RXJ2129-GGL1 is treated in this model as a
cluster member and optimized through the scaling relation.
The GGL lens being at the edge of the HST/WFC3 field
of view, its photometry in the F160W-band is computed as
explained in Sec. 2.1.4.
The best fit model predicts a redshift of zs3 = 1.55+0.17−0.11
and zs5 = 0.79+0.05−0.04 for system #3 and #5 respectively. These
results are close to the ones from Model III. Figure 7 shows
the shear prediction at the position of the snail. We note
that the contours predicted by Model III and Model IV are
similar, but the one including the GGL constraints tend to
be in better agreement with the predictions from the exter-
nal shear model. The main difference between Model III
and Model IV is the value of the σ0 predicted for the GGL
lens. With the scaling relation and the values obtained for
the standard galaxy, the GGLs lens is predicted to have
σ0 = 114+26−26 km.s
−1 in Model IV which differs from the value
obtained with Model III, σ0 = 179+3−4 km.s
−1.
3.3 MACS J0329
The model of MACS J0329 (zc = 0.45) includes 177 cluster
members plus the BCG and two cluster-scale halos for which
the positions are shown in Fig. 1. Following Zitrin et al.
(2012), the model is constrained by three multiple image
systems (Table B5), systems #1, #2 and #3. The redshift
of system #1 is fixed to the well-constrained photometric
redshift zs1 = 6.18. Zitrin et al. (2015) gives a spectroscopic
redshift for system #2, zs2 = 2.14. The redshift of system
#3 is included as a free parameters in our model.
The GGL found in MACS J0329 is located South of the
cluster. It is separated by 92′′from the BCG (see Fig. 1). As
for RXJ2129-GGL1, we note that the multiple images are
being sheared in a direction almost perpendicular to the di-
rection of the cluster centre. Based on the spectroscopic red-
shift for the lens and the source, zl = 0.3835 and zs = 1.112
respectively (Sect.2.2.1), the lens is a foreground galaxy and
not a cluster member.
Morphologically, the GGL system can be split into two
different regions of similar colors which positions are listed in
Table B5 and shown Fig. 8. Each of them produces 4 multi-
ple images, with A.4 and B.4 being coincident. We constrain
the GGL using images A.1 to A.3 and B.1 to B.4. The best-
fit model for this GGL is presented in Table B6.
3.3.1 Model I
For the lens, the core radius is neglected and fixed to 0, and
the rcut is arbitrarily set to a value of 50 kpc. The best-fit
model predicts the position of the multiple images with an
RMS of 0.20′′(see table 3). Figure 8 shows the predicted po-
sitions of the multiple images with yellow diamonds. We see
that the prediction reproduces the observed general shape
of the system, but does not accurately recover the position
of each multiple images.
3.3.2 Model II
Following the method described previously, we build a model
that constrain the GGL lens parameters and the amplitude
and orientation of a constant external shear at the redshift
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Figure 8. Same as figure 6 for MACS J0329-GGL1.
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Figure 9. Same as Fig. 7 for MACS J0329 models.
of the cluster. The addition of the shear brings more pre-
cision on the prediction of the multiple images as shown in
Fig. 8 (red boxes) and in Table 3 with an RMS of 0.07′′. We
note that the main arc and the counter-image in this system
are unusually separated in the east-west direction, which is
similar to the orientation of the shear as illustrated with the
ellipse in the lower-left corner of Fig. 8. This ellipse shows
that the shear seems to be oriented almost perpendicular to
the cluster BCG direction.
3.3.3 Model III
For this model, the two cluster-scale components were mod-
elled by two dPIEs with a cut radius rcut of 1000 kpc.
lenstool optimises all the other parameters of the profile.
The first halo position is centred on the BCG and allowed
to vary within a 5′′ × 5′′ box. The second halo is allowed
to move in a 30′′×50′′ area around its input position (RA:
52.4131055 ; Dec: -2.1914207). The BCG and the GGL lens
are optimised as galaxy-scale dPIE potentials. Only their ve-
locity dispersion is being optimised. The other parameters
are fixed to the observed light distribution and typical val-
ues for galaxy and BCG potentials assuming they follow the
scaling relation. The cluster members are being optimised
following the Faber-Jackson scaling relation (Faber & Jack-
son 1976) using the F160W-band as reference. The model
is constrained by all the multiple images systems presented
in Table B5. The best-fit parameters are given in Table B6.
The RMS obtained is 0.10′′ compared to 0.07′′ for Model II.
The predicted multiple images are shown in Fig. 8 as cyan
crosses. The overall shape of the system is well recovered
even if system #A seems to be predicted with less precision
than system #B.
The best-fit model give a redshift zs3 = 2.58 ± 0.05 for
system #3. This value is in good agreement with the one
derived by Zitrin et al. (2015): 2.15 < z < 3.39.
3.3.4 Model IV
The central galaxy of MACS J0329-GGL1 is not a cluster
member. Thus, the GGL lens is not included in MACS J0329
cluster Model IV. The resulting shear magnitude and ori-
entation measurements are plotted in Fig. 9. Their values
overlap with the ones from Model III but are slightly more
extended toward higher shear magnitude. Both of them re-
main within the 2σ contours of Model II. Figure 9 shows
that this model of MACS J0329 tends to overestimate the
amplitude of the shear at the location of the GGL. Also, the
addition of the GGL in the model does not seem to constrain
the shear at its particular location. The predicted redshift
for system #3 is zs3 = 2.59+0.06−0.05, in good agreement with our
previous results.
3.4 MACS J1149
We used the MACS J1149 (zc = 0.544) model presented in
Jauzac et al. (2016). This model combines 5 cluster-scale
halos (see Fig. 1) with 212 galaxy-scale haloes modelling
cluster members. The model is constrained by 65 systems of
multiple images.
MACS J1149-GGL1 is located North of the BCG at a
distance of 137.9′′ (see Fig. 1 and Table 1). In Fig. 1, the
right panel shows the Einstein cross with its four images
well separated from the lens. The lens galaxy has a mea-
sured spectroscopic redshift of zl = 0.542, compatible with
the cluster redshift. The source has a measured spectroscopic
redshift of zs = 1.806 (see Table 1).
The Jauzac et al. (2016) model did not include the lens
as one of the cluster member, thus we added it as a new
galaxy potential. Since the lens does not have photometry in
the F814W-band used in the scaling relations, we correct the
measured F775W-magnitude to F814W using the predicted
colours for an elliptical galaxy at the cluster redshift (using
the empirical template from Coleman et al. (1980)) and use
that value (mF814W = 20.11) for the scaling relation.
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Figure 10. Same as Fig. 6. for MACS J1149-GGL1
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Figure 11. Same as figure 7 for MACS J1149 models.
3.4.1 Model I
The GGL is modelled here as a galaxy-scale dPIE. The only
parameter optimised is the velocity dispersion of the central
galaxy. The geometrical parameters are being fixed to the
ones from the light distribution while rcore is set to 0 and
rcut to 50 kpc. The predicted positions of the multiple images
are presented in Fig. 10. They are aligned with the axes of
the light distribution of the lens, but not the observed ones.
The RMS is 0.26′′(see Table. 3).
3.4.2 Model II
The environment is modelled by a constant external shear
constrained by the multiple images of the GGL together with
the central lens. The resulting RMS is 0.07′′. In Fig. 10, the
predicted positions of the multiple images are shown by the
red squares and are in good agreement with the observed
ones. The ellipse in the bottom left corner of the figure rep-
resents the external shear and its orientation (perpendicular
to the direction of the main cluster halo and the BCG).
3.4.3 Model III
This model is based on the work by Jauzac et al. (2016) to
which we add the potential of the GGL lens. The list of con-
straints is presented in Table B3. We include all the multiple
image systems from the Jauzac et al. (2016) model, but only
use the central bulge of system #1 as constraints and not
all the star-forming regions of this spiral lensed galaxy.
The predicted positions of the multiple images can be
seen on Fig. 10 as cyan crosses. The East and West im-
ages are well predicted, while the North and South images
are predicted closer to the lens than observed. This may be
due to a more important shear than the measured one as
shown in Fig. 11. The shear intensity is predicted higher in
this model that in Model II. There is still an improvement
with respect to Model I in predicting the multiple images
positions, with an RMS of 0.17′′ (Table 3).
Figures 10 and 11 show that the local shear magnitude
of this model is overestimated by a factor 2.5 compared to
the external shear model prediction. However its orientation
is coherent with a difference smaller than 1.2 degrees com-
pared the best predicted the external shear.
3.4.4 Model IV
This model is the same as Model III, without the multiple
images of the GGL as constraints, and with the GGL lens
optimised as a cluster member through the scaling relation.
The measured shear is plotted in Fig. 11. It shows that the
shear orientation is the same as the one measured in the two
others models, but the shear magnitude is higher than the
ones from Model II and Model III.
4 DISCUSSION
4.1 GGLs parameters degeneracy
In all our models, we fixed the value of the rcut parame-
ter in order to break its degeneracy with σ0 according to
Richard et al. (2010b). However, simple models optimising
both parameters were made to check the status of the de-
generacy using only GGLs constraints. For the three GGLs,
the multiple images did not provide enough information to
constrain rcut . Yet, σ0 is strongly degenerated for low rcut
values but manage to be constrained in those models due to
its extremely low evolution with increasing rcut over 25 kpc.
This indicates that for the typical values chosen for fixing
rcut which are around 50 kpc, σ0 is independent of this prior.
Therefore, one can compare the results of optimisations of
σ0 without having to take in account the results on rcut .
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Cluster ID Model I Model II Model III
MACS0329 0.20′′ 0.07′′ 0.10′′
MACS1149 0.26′′ 0.07′′ 0.17′′
RXJ2129 0.66′′ 0.02′′ 0.03′′
Table 3. RMS of the predicted positions of the multiple images
of the GGLs systems with the different models, given in arcsec.
4.2 Constraining the local shear with GGLs.
For all three cases presented in this work, we find that in-
cluding the detailed mass distribution of the cluster cores
systematically improves the modelling of the GGL systems
(Table 3). The RMS of the multiple images decreases in all
cases by at least a factor of 1.5 with respect to the results
obtained from models assuming a single galaxy lens alone.
However we note that the best RMS are always achieved
for models which include an external shear instead of a de-
tailed cluster mass distribution. External shear models pro-
vide a measurement of the magnitude and orientation of the
local shear due to the environment of the GGL without any
knowledge of its nature. Our results suggest that the cluster
itself is not the only shear source. One can argue about the
robustness of a model that simple, and therefore the preci-
sion of the constraints the GGL provides on the local shear.
For example, the knowledge of the source redshift can add
some systematic uncertainties on the shear measurements.
We can also test the values obtained against independent
measurements coming from weak-lensing.
4.2.1 Impact of source redshift
Among the three possible maxima of the photometric
redshift probability distribution of the snail (Sect. 2.2.2,
Fig.2.2.2), we have so far assumed the middle peak z = 1.61
for our models. Both the external shear and the velocity
dispersion of the lens are degenerated with the source red-
shift, thus none of them can directly constrain the redshift.
We build a series of models with external shear for different
fixed source redshifts between z = 0.5 and z = 2.5, letting σ0,
the shear magnitude, γ, and its orientation, θ, being opti-
mised. The results of this test are presented in Fig. 12. Under
the assumption that the lens of the snail follows the general
scaling relation of cluster members (Sect. 3.1), its velocity
dispersion should be σ0 = 188 km.s−1. This indicates that a
source redshift z = 1.6 corresponds better to this assumption
than z = 1.1 or z = 2.4.
Figure 12 shows the evolution of the lens and the shear
parameters as a function of the redshift. First, we note that
the orientation of the shear is independent of the source
redshift. Then, we observe that σ0 and γ have a strong evo-
lution for redshift z < 1. For redshift z > 1, the evolution is
slower, thus the variation on the values of σ0 and γ due to
redshift uncertainties are less important. For a source at red-
shift z = 1.1, the resulting velocity dispersion for the Snail
lens would be σ0 = 195 ± 5 km s−1. This result varies
of 3.7% compared to the one presented in Table B2. The
variation of γ is 6.7% from γ = 0.15+0.04−0.03 for zs = 1.61 to
γ = 0.16+0.04−0.03 for zs = 1.1. The variation on the results of γ is
smaller than the statistical errors from the models and the
variation on σ0 results have the same order of magnitude as
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Figure 12. Velocity dispersion of the snail lens, external shear
amplitude and orientation versus the redshift of the GGL source.
The red lines show the values for zs = 10. In the upper panel, the
grey lines show zs = 1.1, zs = 1.6, zs = 2.4, and σ0 = 188 km s−1,
the light blue area shows the variation on σ0.
the statistical errors of the models. Therefore, a photometric
redshift seems precise enough to derive the properties of the
lens and its environment in the case of a simple model.
4.2.2 Comparison with weak-lensing constraints
Weak-lensing is the usual measurement to be used to es-
timate the shear produced by the direct environment. By
measuring the shape of the background sources as observed
in the cluster we obtain an independent estimation of the
shear signal at large radii from the core (i.e. outside the
strong-lensing region).
Following the methodology described in Jauzac et al.
(2012, 2015), we construct the background galaxy catalogues
using the HST data. We only give a brief description and
refer the reader to the former papers for more details. The
detection of sources is done using sextractor (Bertin &
Arnouts 1996) in the F814W-band, and the galaxy shapes
are measured using the RRG method (Rhodes et al. 2000).
RRG was developed for measurements on HST/ACS ob-
servations and therefore includes corrections of the point-
spread function (PSF). One of the careful steps in the build-
up of the weak-lensing catalogue is the removal of the fore-
ground and cluster galaxies that would otherwise dilute the
shear signal. To counteract this problem, as we do not have a
redshift for all sources, we identify the regions populated by
these different galaxy populations in the colour-colour space
magF435W -magF606W -magF814W , and exclude them from our
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final catalogue. This colour-colour selection is calibrated us-
ing the publicly available photometric redshifts from the
CLASH collaboration(Postman et al. 2012). We further ap-
ply standard lensing cuts: (1) on the size of the galaxies
to remove galaxies with a size close to the one of the PSF
(> 0.13′′), and (2) on the detection limit of the sources with a
signal-to-noise ratio (SNR) greater than 4.5. Our final cat-
alogue contains 385 galaxies, therefore a density of back-
ground sources of ∼50 gal.arcmin−2.
From this weak-lensing catalogue we can then measure
both the tangential and radial shear profiles for RXJ2129, γt
and γx respectively, using the following inversion relations:
γt = −(γ1 × cos(2α) + γ2 × sin(2α)) , (4)
and
γx = −γ1 × sin(2α) + γ2 × cos(2α) , (5)
where γ1 and γ2 are provided by RRG and α is the po-
sition angle between the vector pointing in the decreasing
RA direction (West) and the vector connecting the BCG to
the background source. As the redshift of all weak-lensing
galaxies is not known, we need to assume a background red-
shift distribution. For this purpose we make use of the Hub-
ble Frontier Field Abell 2744 photometric redshift catalogue
provided as part of the HFF-DeepSpace project (Shipley
et al. 2018). We only consider the distribution of sources at
a redshift higher than the clusters RXJ2129 and Abell 2744,
i.e. z > 0.4, and with a photometric redshift error better than
10%. We further apply a magnitude cut, mF814W < 25.5, in
order to match the depth of the RXJ2129 images. Random
redshifts are drawn from this distribution and assigned to
our catalogue sources. The average γt and γx are then cal-
culated in annuli of 20′′centred on the BCG. This process is
repeated 100 times, and the final values considered here are
the means and their respective standard deviations of these
100 realizations.
Figure 13 shows the comparison of the tangential (γt)
and radial (γx) shear profiles as a function of the radius from
the BCG obtained with different measurement methods: (1)
the weak-lensing analysis from high-resolution HST images
(blue filled circles), and (2) the predicted external shear from
the strong lensing model of the cluster core (green filled cir-
cles). These profiles are also compared to the shear profile
measured by Okabe et al. (2010, ; black filled circles) and
their Single Isothermal Sphere (SIS) fit (black line). The ex-
ternal shear value from Model II is highlighted by the red
star.
At the location of the Snail (a region comprised within
60′′ and 120′′ from the cluster BCG), we observe an excellent
agreement between the weak-lensing shear measured in this
paper, the strong lensing extrapolation, the measurements
from Okabe et al. (2010), and the predicted shear value from
the external shear model (Model II).
Both direct weak-lensing measurements show a really
good agreement. The ground-based values from Okabe et al.
(2010) have larger error bars due to the lower background
galaxy density, ∼30 gal.arcmin−2, compared to our HST mea-
surement.
We further compare our HST weak-lensing measure-
ment with the predicted external shear of Model II. One
can see that the predicted external shear is similar to the
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Figure 13. Shear component profile (tangential γt and radial
γx ) as a function of radius from BCG. In blue, the shear derived
from the CLASH data weak lensing analysis. In green the shear
predicted by the RXJ2129 complete cluster model. In black, the
shear measurement and the predicted shear with the SIS model
from Okabe et al. (2010). The shear estimated with the external
shear model is represented with the red star.
HST weak-lensing shear, including its error estimate. This
agreement reveals the potential for galaxy-galaxy lensing
to locally probe the shear profile in the outskirts of clus-
ters. The annulus around the GGL radius encompasses ∼100
weak-lensing background galaxies (80′′ < R < 100′′) and
thus have a local source density of ∼35 gal.arcmin−2. That
means a single GGL event in an area of ∼9 arcsec2 provides
a shear measurement equivalent to a standard HST weak-
lensing analysis over an area of ∼3 arcmin2. However, this is
only true when the studied cluster is being relaxed, i.e. no
substructures in its outskirts. In our sample of GGLs, only
RXJ2129-GGL1 is observed in a relatively relaxed cluster.
This is why we used it to show the strength of GGL local
shear measurements.
4.3 Simple constraints on the cluster based on
external shear
Tu et al. (2008) showed that some partial information about
the cluster mass distribution can be retrieved purely based
on GGL analysis, as they derive the position of the centre of
Abell 1689 cluster with 3 GGLs. Here we test whether we can
blindly retrieve the directions of the clusters from the GGLs
positions and estimates of their central velocity dispersion
from the external shear models, under the assumption that
this shear is dominated by the presence of the cluster.
We can give the direction of the centre of the cluster
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ID θobs θMod σSIS
[deg] [deg] km/s
RXJ2129 -57.0±0.36 -58.5+3.3−3.2 912+105−70
MACS0329 97.0±0.32 94.0+11.3−2.1 1041+222−131
MACS1149 -83.3±0.21 -83.2+10.9−4.7 1198+349−172
Table 4. Table of the observed direction angle from the GGLs
toward the BCGs and the computed angle from the perpendicular
direction of the shear from Models II. The last column is the
velocity dispersion of an SIS at the position of the BCG derived
from the shear magnitude. The error of θobs is the result to the
propagation assuming a positional error of 0.5′′for the BCG and
the GGLs.
for RXJ2129 using the orientation of the shear that is sup-
posed to be perpendicular to the direction toward the clus-
ter. The values computed for all the cluster in our study are
in Table 4. The measured angle from the GGL to the BCG
is −57.0 ± 0.4 degrees, and the angle given by the external
shear is −58.5+3.3−3.2 degrees. We have a good agreement on
this value.
Assuming that the cluster modelled by a SIS, we can
also compute the velocity dispersion of the cluster from the
shear magnitude γ (Dye et al. 2007). The relation between
σ0 and γ is:
σ0 =
√
γc2R
2piDLS/DOS
where R is the distance between the GGL and the cluster
and DLS/DOS is the ratio of the angular diameter distances
between the lens and the source, and between the observer
and the source. In the case of RXJ2129 we obtain σRXJ2129 =
912+105−70 km s
−1. This result is matching the results of the one
of the complete cluster model (see Table B2) even if we only
assume here the contribution of the cluster clump of DM.
We can note also that our result is also in agreement with
the σSIS of Okabe et al. (2010).
As seen in the section 4.2.1, for RXJ2129, the photomet-
ric redshift of the Snail source increases our uncertainty on
the external shear. The result of the process using the shear
compatible with a source at zs = 1.1 is σ = 952+102−81 km s
−1
thus a 4.3% variation to the previous result. This value is
still consistent with the complete model of the cluster within
error bars, and once again the variation is less significant
than the error on the value. Finally for RXJ2129, as seen
in Fig. 12, the result for the direction of the cluster remains
unchanged with the change of redshift.
The same procedure was applied for the two other clus-
ters and all the results can be found in Table 4. We can see
that the predicted orientation of the shear is a good indicator
of the position of the cluster centre. Comparing the velocity
dispersions of the SIS to the ones predicted by Model III
(see Tables B2,B4 and B6) we note that only the only cluster
with a good agreement is RXJ2129. This can be explained
by the simplicity of the cluster structure, only one cluster
halo of DM, and thus the absence of substructures in its
surroundings. Also, we only assumed here the contribution
of the cluster but not the one from the BCG and the cluster
members. That could explain the systematic higher value
of σ0 for all of the three clusters. In any case, this method
provide a blind estimate of the cluster velocity dispersion
without the need for constraints by multiple images near its
core.
4.4 Combining GGLs with cluster core models
The strong lensing constraints of the GGLs allow to measure
locally the influence of the cluster at large radii. But this in-
fluence is only a second-order effect, as the clusters enhance
the lensing power of the single galaxies and produce a shear.
Figures 7, 9 and 11 show that the GGLs constraints only
have a small influence on the cluster core models. We can
see that the contours of the complete models of the clusters
tend to get closer to the results of the external shear models
when the GGLs constraints are taken in account, but the
shear is not perfectly reproduced, leading to a higher RMS
in the prediction of the multiple images than models with
external shear (see Table 3). This lack of influence can be
the fact of the GGLs constraints being only one more sys-
tem of multiple images among others that are closer to the
core, thus having more influence. The clusters parametric
models might be too constrained by those multiple images
in the cores to reproduce correctly both the core and the
outskirts structures. New parameters bringing new degrees
of freedom, especially in the outskirts could be a solution as
long as they do not lead to an over-fit of the model. One
other explanation of the difference between external shear
models and complete cluster models results would be that
the influence of the cluster is only a part of the environment
shear. Fig. 1 shows that for MACS0329 and MACS1149, the
GGLs are at the edge of the ACS data. The environment
influence might not be completely accounted for, thus ex-
plaining the small difference made by the addition of the
GGLs constraints in Fig 9 and 11. For RXJ2129, the GGLs
is closer to the BCG than in the two other cases, thus its
environment is better known and the shear prediction of the
cluster model (Fig 7) seems more affected by the GGL con-
straints, supporting this solution.
For GGLs for which the lens is part of the cluster, the
multiple images directly constrain the massive cluster mem-
bers. If the spectroscopic redshift of the source is known, we
can determine if the galaxy lies on top of the scaling rela-
tion or not by having an independent measurement of its pa-
rameters. For MACS1149-GGL1, we know the redshift and
thus we can compare the values of the model with the ex-
pected scaling relations described in Sect.3.1 using σ∗0 = 158
km s−1 from Bernardi et al. (2003). The expected value is
σ0 = 178+31−30 km s
−1 which is in agreement with the model
values in Table B4, mostly the one of the most complete
cluster model. The two other results are closer to the up-
per limit value because those models do not take in account
the impact of the cluster convergence boosting the lensing
power of the galaxy, therefore leading to an overestimation
of the velocity dispersion of the lens. However the value of
σ∗0 of the complete cluster model is ∼ 40% higher than the
one optimised in the cluster model. This could indicate that
the standard galaxy is not constrained well enough, as the
cluster model not including the GGL constraints provide
different values. We find a similar problem in the cluster
model of RXJ2129 where σ∗0 = 93 ± 16 km s−1. If the GGL
lens follows the scaling relation as we assumed it, the veloc-
ity dispersion of the lens would be σ = 114 km s−1 which is
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far too low according to Fig. 12 to produce multiple images
as we observe them even for a source with zs = 10. Even
with the boost of the cluster, a complete model constraining
the GGL parameters with a source with zs = 10 leads to
a σ0=166.8 km s−1. There is a ∼ 30% variation with this
value and the one derived from the scaled standard galaxies
in the models presented in Table B2. Either the standard
galaxy parameters are not well constrained or our assump-
tion about the GGL lens is wrong. Having a spectroscopic
redshift for the GGL source would provide a way to constrain
σ0 independently of the scaling relation and would allow us
to test the consistency of the results. Then assuming that
the galaxy follows this relation, we could constrain better
the standard galaxy parameters directly using the locations
of multiple images in the GGLs. For this reason, spectro-
scopic follow-up of the 24 GGLs presented in Fig. A1 and
Table A1 would improve greatly the model constraints for
all those clusters.
5 SUMMARY AND CONCLUSIONS
We visually inspect the full Hubble field-of-view of the 25
observed clusters from the CLASH survey in order to locate
GGL events in the outskirts of those clusters. We find a se-
lection of 24 candidate GGLs (some already known), and
study in detail three of them presenting the following char-
acteristics: a single lens, at least 4 distinct multiple images,
and a separation from the BCG larger than 80′′. For each of
those GGLs and their associated cluster, we produce 4 para-
metric models of the DM distribution to study the influence
of the cluster on the GGL modelling and the influence on
the GGL on the cluster models.
Through those models, we show that the modelling of
the GGLs cannot be done properly without taking into ac-
count its environment. This can be achieved through a com-
plete model of the neighbour structures or even with a simple
parametrisation of their effects like an external shear.
A photometric redshift is accurate enough to properly
estimate the strength of the shear as the uncertainties bring
a variation that is smaller to the statistical errors on the
measurement. The orientation of the shear is always well
estimated as it is redshift independent. The measurement of
the local external shear has a similar quality as independent
measurements of the shear through weak lensing.
The constrained local shear magnitude and orientation
are precise enough to properly derive the direction toward
the cluster core, and its central velocity dispersion assuming
a SIS distribution of the DM halo when the cluster structure
is simple. For more complex clusters, the velocity dispersion
of the central clump is overestimated. Therefore the strong
lensing constraints of the GGLs allow an independent esti-
mate or provide an upper-limit to the properties of a neigh-
bour cluster without the need of multiple images in the core
to constrain it.
When combined with a complete cluster strong-lensing
model the first-order effect of the GGL constraints is to con-
strain with precision the DM halo of the lens galaxy. How-
ever, they bring only a little information to the parameters
of the core as its influence is a second-order effect. There-
fore the complete cluster models do not reproduce the GGLs
multiple images as well as the external shear models do. This
can be the sign of the parametric models not having enough
freedom in the outskirts to constrain the DM distribution
or that our knowledge of the environment is not complete
enough as the GGLs lie at the edge of the ACS fields.
In the case of GGL lenses that are also cluster mem-
bers, there are inconsistencies between the derived scaling
relations and the GGL lens properties. The knowledge of the
spectroscopic redshifts of the sources could allow to study
the link between the massive cluster members in the out-
skirts and the scaling relation.
A spectroscopic follow-up of the GGLs presented in this
work would confirm their nature as GGLs, and bring inde-
pendent estimates on the cluster mass profiles at large radii.
For lenses located in the cluster, it could also bring con-
straints on the scaling relations assumed in galaxy cluster
models.
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APPENDIX A: GALAXY-GALAXY LENSING
IN CLASH
We list here for reference all the GGL systems we have found
from visual inspection of all the CLASH HST images.
APPENDIX B: MULTIPLE IMAGES SYSTEMS
IN THE CLUSTERS
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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ID Image α δ Previous reference
A209-GGL1 A 22.9577568 -13.6032558
A209-GGL2 B 22.9648793 -13.6363138
A383-GGL1 C 42.0113589 -3.5480288
MACS0429-GGL1 D 67.4020771 -2.8713932
MACS0429-GGL2 E 67.3892478 -2.8741192
MACS0329-GGL1 * F 52.4201304 -2.2216321
MACS0416-GGL1 G 64.0340808 -24.0667448 ID14 from Vanzella et al. (2017)
MACS0416-GGL2 H 64.0284705 -24.085668
MACS0416-GGL3 I 64.0170899 -24.0895541 ”Dragon Kick” from Diego et al. (2015)
MACS0717-GGL1 J 109.3786176 37.77722736
MACS0744-GGL1 K 116.2121685 39.4598681
MACS1115-GGL1 L 168.9562589 1.4974098
MACS1149-GGL1 * M 177.4028221 22.4366292
MACS1149-GGL2 N 177.4116004 22.4296659
MACS1149-GGL3 O 177.403888 22.4266297 A6 system from Smith et al. (2009)
MACS1149-GGL4 P 177.3931348 22.4113364 A5 system from Smith et al. (2009)
RXJ1347-GGL1 Q 206.8960322 -11.7536032
RXJ1347-GGL2 R 206.865999 -11.7649203 F system from Bradacˇ et al. (2008)
RXJ1347-GGL3 S 206.8725903 -11.7673974 G system from Bradacˇ et al. (2008)
MS2137-GGL1 T 325.0615233 -23.6511738
RXJ2129-GGL1 * U 322.4287798 0.1080707
SMACS2248-GGL1 V 342.2156577 -44.5183953
SMACS2248-GGL2 W 342.1557424 -44.5459123
SMACS2248-GGL3 X 342.1633643 -44.5297236
Table A1. Catalogue of the GGL found in the CLASH data. When relevant, we provide the name used in previous works mentioning
the same systems. The GGL studied in this work are pointed out with *
ID α δ zprior zmodel
[deg] [deg]
A.1 21:29:42.85 00:06:30.27 1.61
A.2 21:29:42.96 00:06:29.99 1.61
A.3 21:29:42.99 00:06:29.06 1.61
A.4 21:29:42.88 00:06:28.45 1.61
1.1 21:29:40.89 00:05:17.95 1.522
1.2 21:29:40.84 00:05:23.15 1.522
1.3 21:29:40.31 00:05:35.76 1.522
3.1 21:29:40.44 00:05:07.68 [0.2-2.0] 1.49+0.17−0.09
3.2 21:29:40.24 00:05:24.97
3.3 21:29:39.77 00:05:31.99
5.1 21:29:39.98 00:05:15.87 [0.2-2.0] 0.78+0.05−0.03
5.2 21:29:39.90 00:05:17.17
Table B1. Multiple images used in the RXJ2129 models. The results on the redshifts estimation are the ones of Model III.
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Figure A1. GGLs found in the CLASH images. All the pictures are 10′′ across. J B(F435W+F475W), G(F555W+F606W),
R(F775W+F814W+F850LP). G, H, I, J, O, P, V, W and X, images frontier fields: R(F814W), G(F606W), B(F435W).
Potential ∆α ∆δ e θ rcore rcut σ0 γ
[arcsec] [arcsec] [deg] kpc kpc km/s
Model I
GGL [−44.2] [68.0] [0.11] [−50.6] [0] [64] 222+1−1
Model II
GGL [−44.2] [68.0] [0.11] [−50.6] [0] [64] 188+4−3
Ext Shear 31.5+3.3−3.2 0.15
+0.04
−0.03
Model III
GGL [−44.2] [68.0] [0.11] [−50.6] [0] [64] 179+3−4
DM1 1.2+1.4−1.2 −1.0+0.8−0.4 0.59+0.05−0.06 −21.8+0.3−0.4 49+8−6 [1000] 852+49−27
BCG [0.0] [0.0] [0.49] [−35.4] [0] [90] 220+17−20
L∗ galaxy [0.15] [45] 93+16−16
Model IV
DM1 0.9+1.3−1.1 −0.8+0.5−0.6 0.61+0.05−0.07 −21.6+0.4−0.4 44+5−4 [1000] 824+25−27
BCG [0.0] [0.0] [0.49] [−35.4] [0] [90] 222+23−19
L∗ galaxy [0.15] [45] 96+22−22
Table B2. Parameters for the RXJ2129 models
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ID α δ zprior zmodel
[deg] [deg]
A.1 11:49:36.61 22:26:12.08 1.806
A.2 11:49:36.69 22:26:12.70 1.806
A.3 11:49:36.74 22:26:11.59 1.806
A.4 11:49:36.66 22:26:11.08 1.806
1.1 11:49:35.28 22:23:45.63 1.4888
1.2 11:49:35.86 22:23:50.78 1.4888
1.3 11:49:36.82 22:24:08.73 1.4888
2.1 11:49:36.58 22:23:23.06 1.894
2.2 11:49:37.46 22:23:32.94 1.894
2.3 11:49:37.58 22:23:34.37 1.894
3.1 11:49:33.78 22:23:59.42 3.128
3.2 11:49:34.25 22:24:11.07 3.128
3.3 11:49:36.31 22:24:25.86 3.128
4.1 11:49:34.32 22:23:48.57 2.95
4.2 11:49:34.66 22:24:02.62 2.95
4.3 11:49:37.01 22:24:22.03 2.95
5.1 11:49:35.94 22:23:35.02 2.79
5.2 11:49:36.27 22:23:37.77 2.79
5.3 11:49:37.91 22:24:12.74 2.79
6.1 11:49:35.93 22:23:33.16 [2.0-3.0] 2.72+0.08−0.06
6.2 11:49:36.43 22:23:37.89
6.3 11:49:37.93 22:24:09.02
7.1 11:49:35.75 22:23:28.80 [2.0-3.0] 2.63+0.09−0.06
7.2 11:49:36.81 22:23:39.37
7.3 11:49:37.82 22:24:04.47
8.1 11:49:35.64 22:23:39.66 [2.0-3.0] 2.97+0.03−0.03
8.2 11:49:35.95 22:23:42.20
8.3 11:49:37.70 22:24:16.99
9.1 11:49:37.24 22:25:34.40 0.981
9.2 11:49:36.93 22:25:37.98 0.981
9.3 11:49:36.78 22:25:38.00 0.981
9.4 11:49:36.88 22:25:35.07 0.981
10.1 11:49:37.07 22:25:31.83 [1.0-1.5] 1.31+0.09−0.06
10.2 11:49:36.87 22:25:32.26
10.3 11:49:36.53 22:25:35.80
13.1 11:49:36.89 22:23:52.03 [1.0-1.5] 1.28+0.02−0.01
13.2 11:49:36.68 22:23:47.96
13.3 11:49:36.01 22:23:37.89
14.1 11:49:34.00 22:24:12.61 [2.5-4.0] 2.55+1.07−0.06
14.2 11:49:33.80 22:24:09.45
15.1 11:49:38.21 22:23:15.70 [2.0-8.0] 3.38+0.15−0.14
15.2 11:49:38.48 22:23:19.48
15.3 11:49:37.50 22:23:07.26
16.1 11:49:38.33 22:23:15.58 [1.0-6.0] 4.83+1.94−1.44
16.2 11:49:38.37 22:23:16.18
17.1 11:49:38.39 22:23:14.04 [1.0-7.0] 4.23+0.33−0.29
17.2 11:49:38.70 22:23:18.45
17.3 11:49:37.58 22:23:04.14
18.1 11:49:38.30 22:23:11.98 [1.0-8.0] 5.04+0.64−0.56
18.2 11:49:38.90 22:23:20.61
18.3 11:49:37.61 22:23:03.55
21.1 11:49:34.28 22:24:46.33 [2.0-3.0] 2.57+0.06−0.07
21.2 11:49:34.45 22:24:47.10
21.3 11:49:34.81 22:24:45.67
22.1 11:49:36.96 22:23:34.44 3.216
22.2 11:49:38.17 22:24:00.84 3.216
22.3 11:49:36.04 22:23:24.54 3.216
...
MNRAS 000, 1–15 (2015)
Galaxy-galaxy lensing in CLASH 19
ID α δ zprior zmodel
[deg] [deg]
...
26.1 11:49:37.14 22:25:33.52 [0.6-1.5] 0.97+0.07−0.07
26.2 11:49:36.87 22:25:33.88
26.3 11:49:36.66 22:25:36.97
29.1 11:49:37.92 22:23:20.60 [2.0-4.0] 2.74+0.08−0.15
29.2 11:49:38.18 22:23:25.46
29.3 11:49:37.08 22:23:12.13
31.1 11:49:36.52 22:23:48.29 [2.0-3.0] 2.66+0.11−0.05
31.2 11:49:34.87 22:23:30.60
31.3 11:49:37.35 22:24:08.78
34.1 11:49:37.97 22:23:17.22 [2.0-5.0] 3.41+0.19−0.15
34.2 11:49:38.49 22:23:26.24
34.3 11:49:37.24 22:23:09.71
Table B3. Multiple images used in the MACS1149 models. The results on the redshifts estimation are the ones of Model III.
Potential ∆α ∆δ e θ rcore rcut σ0 γ
[arcsec] [arcsec] [deg] kpc kpc km/s
Model I
GGL [−13.6] [137.2] [0.17] [120.0] [0] [50] 190+5−2
Model II
GGL [−13.6] [137.2] [0.17] [120.0] [0] [50] 193+5−5
Ext Shear 7.2+10.4−5.0 0.13
+0.08
−0.06
Model III
GGL [−13.6] [137.2] [0.17] [120.0] [0] [50] 174+28−2
DM1 −3.2+0.3−0.3 1.4+0.2−0.2 0.56+0.01−0.01 40.0+0.5−0.3 92+2−3 [1000] 1015+5−11
DM2 −23.7+0.9−0.5 −28.0+1.0−1.2 0.17+0.06−0.04 128.6+6.2−7.8 163+15−25 [1000] 124+32−34
DM3 −43.0+0.4−1.0 −53.0+0.4−0.4 0.64+0.08−0.03 30.1+3.8−6.4 44+15−15 [1000] 403+27−26
DM4 18.9+0.5−0.3 47.2
+1.5
−0.7 0.65
+0.09
−0.05 124.9
+8.4
−9.2 142
+9
−9 [1000] 482+40−21
DM5 −17.4+0.4−0.4 101.0+0.3−0.3 0.53+0.08−0.03 129.5+5.1−9.4 9+4−1 [1000] 354+29−11
BCG [0.0] [0.0] [0.20] [34.0] 36+3−3 118+21−23 256+21−24
GAL1 [3.2] [−11.1] 0.56+0.03−0.03 45.9+10.9−6.3 [0] 68+2−1 208+10−9
L∗ galaxy [0.15] 44+3−3 198+2−2
Model IV
DM1 −4.1+0.1−0.6 1.3+0.1−1.1 0.60+0.02−0.01 28.8+0.6−6.6 99+2−20 [1000] 899+7−62
DM2 −25.3+0.2−0.2 −32.8+0.8−0.3 0.70+0.12−0.01 49.6+0.8−8.9 66+7−33 [1000] 442+12−16
DM3 −48.3+0.6−3.7 −49.6+0.3−1.1 0.39+0.02−0.04 175.8+6.6−36.3 221+10−7 [1000] 481+41−11
DM4 23.3+0.1−1.1 47.2
+1.3
−0.2 0.26
+0.01
−0.11 103.1
+2.3
−10.9 76
+2
−23 [1000] 584+31−11
DM5 −16.3+0.1−0.2 100.3+0.0−0.0 0.24+0.01−0.09 130.1+3.6−9.0 2+0−1 [1000] 444+6−3
BCG [0.0] [0.0] [0.20] [34.0] 34+0−5 258+1−12 373+28−7
GAL1 [3.2] [−11.1] 0.02+0.01−0.09 94.3+6.7−2.1 [0] 44+1−3 171+2−10
L∗ galaxy [0.15] 67+51 143+1−18
Table B4. Table of the parameters of the models of MACS1149.
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20 Desprez et al.
ID α δ zprior zmodel
[deg] [deg]
A.1 03:29:40.74 -02:13:17.90 1.112
A.2 03:29:40.85 -02:13:17.19 1.112
A.3 03:29:40.87 -02:13:17.44 1.112
B.1 03:29:40.75 -02:13:18.15 1.112
B.2 03:29:40.83 -02:13:17.17 1.112
B.3 03:29:40.88 -02:13:17.93 1.112
B.4 03:29:40.85 -02:13:18.54 1.112
1.1 03:29:40.17 -02:11:45.71 6.18
1.2 03:29:40.07 -02:11:51.71 6.18
1.3 03:29:41.24 -02:12:04.66 6.18
1.4 03:29:43.16 -02:11:17.36 6.18
2.1 03:29:41.03 -02:11:29.06 2.14
2.2 03:29:39.62 -02:12:00.66 2.14
2.3 03:29:42.17 -02:11:25.61 2.14
2.4 03:29:42.33 -02:11:54.46 2.14
3.1 03:29:40.18 -02:11:26.56 [1.0-5.0] 2.58+0.05−0.05
3.2 03:29:39.06 -02:11:49.91
3.3 03:29:41.26 -02:11:15.16
Table B5. Multiple images used for the models of MACS0329. The results on the redshifts estimation are the ones of Model III.
Potential ∆α ∆δ e θ rcore rcut σ0 γ
[arcsec] [arcsec] [deg] kpc kpc km/s
Model I
GGL [11.2] [−91.4] [0.40] [74.0] [0] [50] 209+1−1
Model II
GGL [11.2] [−91.4] [0.40] [74.0] [0] [50] 196+2−6
Ext Shear 4.0+11.3−2.1 0.17
+0.08
−0.04
Model III
GGL [11.2] [−91.4] [0.40] [74.0] [0] [50] 188+4−9
DM1 −1.4+0.4−0.4 −0.7+0.4−0.2 0.25+0.03−0.01 70.1+1.8−2.7 58+19−3 [1000] 959+28−19
DM2 39.4+5.0−1.8 22.1
+7.4
−2.0 0.46
+0.17
−0.10 98.0
+6.5
−6.0 119
+0
−19 [1000] 877+40−38
BCG [−0.0] [0.0] [0.19] [−73.6] [0] [98] 208+11−193
L∗ galaxy [0.15] [45] 155+6−6
Model IV
DM1 −1.4+0.4−0.4 −0.7+0.4−0.3 0.24+0.03−0.02 69.4+1.8−3.2 59+19−4 [1000] 984+24−15
DM2 38.2+5.4−2.5 20.7
+8.6
−1.8 0.48
+0.16
−0.11 98.3
+2.2
−11.2 114
+0
−12 [1000] 833+37−36
BCG [−0.0] [0.0] [0.19] [−73.6] [0] [98] 75+14−242
L∗ galaxy [0.15] [45] 157+5−7
Table B6. Parameters for the models of MACS0329
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